) are estimated over 2711 km 2 of the NFRT. Simple models suggest sensitivity of these values to ocean acidification, which will increase local dissolution of carbonate sediments. Similar approaches could be applied over large areas with poorly constrained bathymetry or water column properties and minimal metabolic sampling. This tool has potential applications for modeling and monitoring large-scale environmental impacts on reef productivity, such as the influence of ocean acidification on coral reef environments.
INTRODUCTION
There is mounting evidence that global climate change and related ocean acidification will have serious impacts on marine calcifiers, including coral reefs (Smith & Buddemeier 1992 , Kleypas et al. 2001 , Walther et al. 2002 . More specifically, increases in atmospheric and oceanic pCO 2 cause changes in the carbonate chemistry of surface ocean waters in the form of decreases in pH (ocean acidification) and reduced carbonate ion concentration ] (Zeebe & Wolf-Gladrow 2003 , Feely et al. 2004 ). This reduces the aragonite (CaCO 3 ) saturation state (Ω arag ), making it more difficult for corals to accrete their massive aragonite skeletons (Gattuso et al. 1998a , Kleypas et al. 1999 , Gattuso & Buddemeier 2000 , Orr et al. 2005 , Fine & Tchernov 2007 . While decreases in Ω arag and Ω calcite are known to reduce the carbonate production of corals and coralline algae (Orr et al. 2005 , Kuffner et al. 2007 , the magnitude of impact may not be the same for all carbonate producing reef organisms.
ABSTRACT: Using imagery at 30 m spatial resolution from the most recent Landsat satellite, the Landsat 7 Enhanced Thematic Mapper Plus (ETM+), we scale up reef metabolic productivity and calcification from local habitat-scale (10 -1 to 10 0 km 2 ) measurements to regional scales (10 3 to 10 4 km 2 ). Distribution and spatial extent of the North Florida Reef Tract (NFRT) habitats come from supervised classification of the Landsat imagery within independent Landsat-derived Millennium Coral Reef Map geomorphologic classes. This system minimizes the depth range and variability of benthic habitat characteristics found in the area of supervised classification and limits misclassification. Classification of Landsat imagery into 5 biotopes (sand, dense live cover, sparse live cover, seagrass, and sparse seagrass) by geomorphologic class is > 73% accurate at regional scales. Based on recently published habitat-scale in situ metabolic measurements, gross production (P = 3.01 × 10 9 kg C yr -1 ), excess production (E = -5.70 × 10 8 kg C yr -1 ), and calcification (G = -1.68 × 10 6 kg CaCO 3 yr -1
Estimates by Ware et al. (1992) indicate that reefs are sources of atmospheric CO 2 , globally accounting for 0.02 to 0.08 Gt (1 Gt = 10 12 kg) yr -1
. This may seem somewhat counter-intuitive, but calcification actually releases CO 2 . Precipitation of carbonate in reefs results in sequestering carbon in the CaCO 3 framework of the reef over geologic times, but in the short term, the precipitation of calcium carbonate drives a change in pH that results in a release of CO 2 into solution:
(1) Many previous estimates of the contribution of reefs to the global carbon cycle are rapidly becoming outdated in the face of global decline of coral reefs (Hoegh-Guldberg 1999 , Gardner et al. 2003 , Pandolfi et al. 2003 , more accurate mapping of global reef extent (which indicates productive areas have been overestimated; Andréfouët et al. 2006) , and global climate changes (Hoegh-Guldberg 2005) . While valuable, the most cited production estimates for habitats or community types from significant early studies (Smith & Kinsey 1976 , Kinsey 1978 , 1983 , 1985 , Atkinson & Grigg 1984 represent a relatively narrow range of community types, years, and geographic distribution (e.g. minimal Caribbean representation). The result is that the metabolism and carbonate production, as well as CO 2 air-sea flux, of reefs remains poorly constrained across global reef distribution and under changing environmental circumstances.
The amount of carbonate mineral precipitation (G ) can be a measure of reef community performance or 'health' (Kinsey 1985) , particularly in the context of increasing ocean acidification. Additionally, the net metabolism of a given reef zone or substrate type can be accounted for by the balance of productivity, or gross photosynthetic carbon fixation (P ), and respiration (R ). The P:R ratio is also frequently used as one measure of excess production (E ) (Kinsey 1985) . Kinsey (1983) . These metabolic parameters are assumed to have additive properties when scaling up with remote sensing (Atkinson & Grigg 1984 , Andréfouët & Payri 2001 , Vecsei 2004 .
Despite the general agreement on reefs as sources of CO 2 (Ware et al. 1992 , Gattuso et al. 1996 , 1998b , there is evidence that certain reefs, or parts thereof, are sinks for atmospheric CO 2 (Kayanne et al. 1995 , Ikeda et al. 1997 . Further complicating the issue, recent direct measurements on Moloka'i (Hawai'i, USA) indicate that a reef may operate simultaneously as both a source and a sink in patchy patterns related to biological zonation . These air-sea fluxes can be investigated using either direct measurements of pCO 2 or budgetary approaches based on community metabolism data (pH, dissolved O 2 , and total alkalinity measurements). However, due to differences in methods and reef habitat classification schemes, it is difficult to compare many of these results.
Previous works on scaling up coral reef carbonate metabolic parameters using remote sensing techniques have been somewhat limited in geographic scope, from ~0.5 to ~35 km 2 (Brock et al. 2006 and Payri 2001, respectively) . These scales are too small to provide management with necessary regional-scale decision support in the face of ocean acidification. Production was also scaled up over about 700 km 2 at French Frigate Shoals (Hawai'i, USA) (Atkinson & Grigg 1984) , approaching the necessary scale for management implications, but becoming outdated in the context of reef decline. Prior remote sensing work on reef metabolic parameters has also been limited to very high resolution sensors with horizontal resolutions of 20 m or less (Andréfouët & Payri 2001 , Brock et al. 2006 ) which have relatively small 'footprints,' making it expensive to cover regional scales.
Here, we (1) demonstrate the ability of Landsat 7 Enhanced Thematic Mapper Plus (ETM+) satellite (30 m resolution) to accurately classify reef biotopes in order to extrapolate limited in situ reef metabolic values to a regional scale for the North Florida Reef Tract (NFRT), an area of 2711 km 2 (Fig. 1) ; and (2) show that the NFRT is in a state of net dissolution and acts as a carbon sink at regional scales. These results provide important estimates of metabolic functioning and carbonate precipitation over spatial scales relevant to ecosystem-based management and models of regional responses to ocean acidification.
MATERIALS AND METHODS
Location. The Florida Keys and surrounding waters are managed and studied by several levels of state and federal government agencies. The Florida Keys are a chain of low islands extending nearly 400 km from the southeastern tip of Florida to the south and west of Florida Bay. Based on geomorphology and exchange with Florida Bay, the Keys are divided into the Upper, Middle, and Lower Keys. In the Upper Keys and NFRT, the zonation proceeds eastward (seaward) from the islands with a broad, shallow seagrass flat, followed by Hawk Channel with seagrass and patch reefs, then shallowing again to the barrier reef complexes ~5 km offshore. The Upper Keys and NFRT have a docu-
↔ + mented record of decline in reef health (Dustan et al. 2001 , Gardner et al. 2003 , CREMP 2005 , Palandro et al. 2008 . The Florida Keys have also been the subject of particular interest in the use of remote sensing for mapping reef habitats (Torres-Pulliza 2004) , and documenting change in reef environments , Dustan et al. 2001 , Palandro et al. 2003a . Carbonate and metabolic parameters, and scaling. This project applies values for reef carbonate precipitation and carbon metabolism parameters measured in situ by Yates & Halley (2003) . In particular, we use that subset of Yates & Halley (2003) values reported in Brock et al. (2006) for the same habitats (biotopes), but a much smaller area of the NFRT (Table 1) . The metabolic values were collected using a unique in situ mesocosm, the Submersible Habitat for Analyzing Reef Quality (SHARQ) that is operated by the US Geological Survey (Yates & Halley 2003) . Brock et al. (2006) reported values for P, R, P:R, E, and G for 4 reef habitat classes (biotopes) common to the NFRT: sand, dense live substrate, sparse live substrate, and seagrass. For this study, we adopted those biotopes and their definitions, and added a sparse seagrass biotope defined here as a linear mix of 20% seagrass and 80% sand (Table 1 ). For each of the 3 Millennium Coral Reef Map (MCRM) geomorphologic classes, we used roughly equal area regions of interest (ROIs) to train the supervised image classification over confirmed locations for each biotope. In the case of the cross-shelf and shelfterrace MCRM classes, we were able to apply all 5 biotopes. However, in the case of the MCRM-patch reef class, there were no pixels with confirmed sparse seagrass, so that biotope was not included in estimates for the patch reef class.
Production on coral reefs is assumed to be an additive emergent process (Atkinson & Grigg 1984 , Hatcher 1997 , such that the whole is equal to the sum of the parts. For example, the contribution of a reef class to P for the whole of the NFRT is itself dependent on the sum of its 5 biotopes (sand, dense live substrate, sparse live substrate, sparse seagrass, and seagrass). The process is additive such that the measured value for
) for each biotope (Table 1) is multiplied by the fractional area covered by that biotope (F biotope ). It follows as:
This results in the production for the entire NFRT of P = 3.03 g C m -2 d -1 (Table 2) . A similar method was also applied for the MCRM class estimates. Each MCRM class was evaluated for P, R, E, P:R, and G using the same process as above. Thus, P (g C m -2 d -1 ) for each biotope is multiplied by the fractional area covered by that biotope (F biotope ) in the MCRM class (for example the patch reef class, P patch reef ). Then P patch reef can be additively scaled over the fractional area represented by the MCRM patch reef class (F patch reef ) in the NFRT to arrive at P NFRT .
To estimate the impacts from projected ocean acidification, a simple reduction of biogenic carbonate production was applied to G biotope and scaled up to G NFRT in the same manner as the example above. The additive model used here did not account for dynamic environmental complexities. However, future work could be coupled with models of water retention time, sea surface temperature (SST), and salinity for more accurate estimates concerning the impacts from ocean acidification.
Satellite images. The Landsat 7 ETM+ was launched by NASA in April 1999, and acquired reliable imagery globally until it developed a scan-line corrector problem in June 2003. Landsat 7 ETM+ images are about 180 × 180 km, with a multispectral pixel resolution of 30 m across 4 spectral bands that are useful for work in coral reef areas: blue (450 to 520 nm), green (530 to 610 nm), red (630 to 660 nm), and near infra-red (780 to 900 nm). Landsat imagery has demonstrated its value in multiple coral reef applications , Dustan et al. 2001 , Capolsini et al. 2003 , Ouillon et al. 2004 . A cloud-free Landsat 7 ETM+ image covering all of the south Florida, from Path 015, Row 042, acquired on 5 February 2000, was used for this project. This image was cropped to 2711 km 2 of shallow marine habitat defined here as the NFRT (Fig. 1 ).
An IKONOS image covering about 125 km 2 just east of Ceasar's Creek and Elliot Key in Biscayne National Park (Florida, USA), acquired on 18 March 2001, was used to carefully direct and validate the classification of the Landsat image by taking advantage of its high resolution (4 m) which allows the sub-Landsat pixel identification of the habitats of interest (Mumby & Edwards 2002 . The IKONOS satellite is operated privately by GeoEye®, and uses 4 spectral bands close to the Landsat 7 ETM+ bands, but with 4 m pixel resolution. The corporate nature of IKONOS naturally makes the imagery more expensive to acquire than Landsat imagery, but it has proven valuable for reef studies in several applications , Capolsini et al. 2003 , Palandro et al. 2003a , Brock et al. 2006 (Fig. 1) . The naming convention listed above represents level 2/level 3/level 4 classes of a 5 level hierarchical classification scheme used for the MCRM classes, with the first level for all cases here being 'continental,' and the numbers being the unique level 5 class identifier (Andréfouët et al. 2006 ). The patch reef class represents a discontinuous area landward of the outer reef flat dominated by individual or coalescing patch reefs, with high relief (often subpixel) on the order of 2 to 3 m in this area. The shelf terrace class is a nearly continuous, reef-parallel terrace immediately landward of the reef flat with an average depth of 6 to 7 m, and a width of 2 to 5 km. The 'cross shelf' class is the broad, mid-depth (~3 m average depth), gently concave, low-relief geomorphologic class, including a deeper channel where most of the patch reef occurs, which spans most of the area between the coast and the shelf terrace. The other MCRM classes present in the NFRT, such as shelf slope, shelf hardground, and reef flat were not included in this study because of the absence of reliable carbon and carbonate production values for biotopes found in those geomorphologic classes in this region.
In addition to being found in the NFRT, the MCRM classes reported on in this project are found elsewhere in the Caribbean, providing the possibility for scaling up over broad ranges beyond the scope of this report. For instance, the cross shelf class (#793) is abundant in Mesoamerica, Cuba, Nicaragua, and the entire range of the Florida Keys. Shelf terrace (#781) is found throughout the Upper, Middle, and Lower Florida Keys, north and western Cuba, Jamaica, and a few areas of the Dominican Republic. Patch reefs (class #568) are found throughout the Caribbean.
Image interpretation, classification, and validation. All image classification and validation was performed using the ENVI software package (v4.3). The Landsat 7 ETM+ image was classified using ROIs defined within each MCRM class. Working within each MCRM class limits the spectral confusion due to diversity of habitat and variability of depth. Areas were shallow and working by geomorphologic class minimizes the necessity of depth correction techniques (Wabnitz et al. 2008 ). Thus, no water column correction was performed. Furthermore, by not correcting for the water column, we were able to test the possibility that this method could be applied over a region with unknown water column properties and imprecisely known bathymetry. It can be safely assumed that the biotopes classified in this work did not significantly vary in space or condition in the 13 mo between the Landsat 7 ETM+ and IKONOS images (Palandro et al. in press) . No hurricanes or tropical storms passed within 100 km of the study area during that time (Franklin et al. 2001) .
We tested the classifications and resulting carbonate estimations for sensitivity to variances in training ROIs. For each of the 3 MCRM geomorphologic classes, the training pixels and validation pixels were rotated to create 4 sets of training ROIs. Each of those 4 sets of training ROIs were then run through each of 3 supervised classifications: Minimum Distance, Maximum Likelihood, and Mahalanobis Distance.
Landsat image classification was validated by proxy using the IKONOS image and by in situ data compiled from published (CREMP 2005 , Marks 2007 ) and unpublished sources in the same time interval as the imagery (2000 to 2002). Different supervised classification algorithms were tested and inspected for accuracy. Spectral separability between biotopes was evaluated using the transformed divergence (TD) scores generated in ENVI. TD ranges from 0 to 2, where 0 indicates complete spectral similarity and 2 indicates completely distinct spectra (Jensen 2004) . TD values between 1.7 to 1.9 are considered fairly good for separability and >1.9 is considered excellent separability (Jensen 2004) . For objective validation, a total of 250 randomly selected points were chosen across all geomorphologic classes (patch reef, shelf terrace, and cross shelf) and distributed proportionally to the area represented by that class.
RESULTS AND DISCUSSION

Scaling up local measurements to reliable regional estimates
The approach to regional estimation of benthic carbonate and carbon metabolic parameters reported here appears to be robust over this regional scale. Despite an increase in scale of almost 4 orders of magnitude (10 3.7 ) over the working area of Brock et al. (2006) , values for gross photosynthetic production and respiration were very similar (Table 2) . However, the value for G reported across the larger area is notably different from that reported by Brock et al. (2006) .
The overall performance of Landsat image classification was high, even in areas such as the patch reef class, which often have sub-pixel biotope variability (Fig. 2) . This agrees well with previous applications of Landsat ETM+ imagery in reef environments using 5 or fewer classes (Torres-Pulliza 2004) . Spectral class separation between the biotopes was generally good within each geomorphologic class, with 68% of transform divergence values >1.80. The lowest transform divergence value (0.63) was between shallower (6 to 7 m) dense live substrate and deeper (9 to 11 m) sparse live substrate in the shelf terrace class. Landsat classifications tended to overestimate sand coverage by comparison with IKONOS, which was likely caused by the relatively high brightness of sub-pixel areas of sand skewing the pixel classification towards sand. Validation of Landsat 7 ETM+ image classification by proxy from IKONOS revealed high classification accuracy. Over the entire NFRT, the overall classification accuracy of combined geomorphologic classes was 86.2%. Within the cross shelf class, the largest by area, pixels were correctly classified 88% of the time with most classification errors occurring between the sparse seagrass and seagrass biotopes. The shelf terrace class is the most spatially complex geomorphologic zone studied here and has high spatial variability on the scale of 10 1 to 10 2 m. Shelf terrace biotopes were correctly classified 73% of the time, with errors predominantly between the seagrass and sparse seagrass due to the high spatial variability of seagrass beds on the shelf terrace. The patch reef class was classified correctly 83% of the time, with misclassification errors evenly distributed between seagrass, sparse live substrate, and dense live substrate. The even distribution in the error within the patch reef class probably resulted from the high number of mixed pixels that resulted from the spatial variability of classes at scales of 10 0 to 10 1 m. Across all 3 geomorphologic classes, the sand biotope was correctly classified 100% of the time, while sparse live substrate was the most commonly misclassified (53.8% correct; Table 3 ).
The MCRM geomorphologic classes proved to be able to serve as proxies for percent biotope composition, and thus carbon and carbonate production over regional scales with the 5 biotopes used here (Table 4 ). When trained with 4 different sets of ROIs and subjected to 3 different classification algorithms to test sensitivity of the scaling exercise to different training pixels and different supervised classification algorithms, the 3 MCRM classes used here displayed a degree of stability in estimated production and calcification values (Fig. 3) . Sand was easiest to identify by visual interpretation, but returned the widest variability in classification accuracy, likely due to the broad spectrum in the green and blue bands associated with sand across a range of depths. The Maximum Likelihood supervised classification algorithm using the default settings and ROIs that were trained independently within each of the 3 MCRM classes investigated here yielded the 109 (Fig. 4) . It could be suggested that if 4 to 5 appropriate biotopes are classified with high accuracy, the resulting carbon and carbonate production values for that MCRM class (Table 4) would allow a good first approximation of the production values wherever that class is found regionally. In a previous multi-sensor comparison for coral reef habitat mapping (Torres-Pulliza 2004), a small section of the NFRT was classified into a total of 10 biotopes, and seagrass habitats alone were classified into 5 different categories. On a Pacific fringing barrier reef, Andréfouët & Payri (2001) scaled up metabolic values using 20 m resolution SPOT satellite imagery and classified the image into 9 reef biotopes. Accurately classifying such a high number of biotopes becomes increasingly impractical over regional scales and results in decreasing classification accuracy at reef scales . Also, at the 30 m resolution of Landsat ETM+ imagery, the higher numbers of classes would often be covered within a single mixed pixel. The broad definitions of the biotopes as they are used here allows for stronger class separability, which should provide more accurate end classification in areas without precisely known depths or optical properties.
Because the classification of biotopes is the first step in an additive process to scale up metabolic values, errors in classification will propagate to subsequent calculations. Given the range of misclassifications exhibited across the MCRM classes, different training ROIs, and different classification algorithms, the relative impact on regional scale calculations is minimal. Analysis of error shows that the misclassification potential of the shelf terrace class (Fig. 3) would result in potential error ranges within the shelf terrace class of ±1.2%, ±1.4%, and ± 4.2% for P, R, and G respectively. The potential for misclassification of the patch reef class was more dramatic, but because of the small area covered by that class (0.71% or about 19 km 2 of the NFRT total area), even wide variances in classification would have had very small impacts on the predicted regional metabolic and carbonate parameter values.
Misclassification of individual pixels is more allowable when scaling up metabolic or carbonate parameters than it is in habitat classification, since the end result relies on the proportional relationships between the classes, rather than on their specific spatial distribution. This concept also applies to the differences between sensors. IKONOS imagery will detect much higher detail around variable areas, such as patch reefs, than will Landsat ETM+ imagery, and airborne sensors will have still higher performance for detection of small spatial scale variability. However, as long as the proportionality of biotopes remains constant or nearly so, the metabolic estimates will be the nearly the same. Thus, the use of MCRM classes as proxies for biotope variability and metabolic parameters can greatly simplify the process of scaling up measurements of carbonate production and carbon budgets over regional scales.
Our scaled up estimation shows the NFRT to be net heterotrophic (E = -5.74 × 10 8 kg C yr -1 = -0.58 g C m 2 d -1
; Fig. 5 ). Our regional estimation by Landsat of excess production is very similar to the numbers based on results from a much higher-resolution (1.5 m) multispectral airborne sensor, the Advanced Imaging Spectrometer for Applications (AISA) (Brock et al. 2006) , but is also arrived at by classifying imagery at a regional scale. However, this Landsat estimation of the notably heterotrophic (P:R = 0.84) condition of the NFRT is unlike some previous reports of metabolic values on Pacific atolls, which demonstrate that net excess production is usu- ally near zero (E ≈ 0; P:R ≈ 1) (Kinsey 1983) , or even somewhat greater than zero (Atkinson & Grigg 1984) . This study suggests that the NFRT is a carbon sink at broad scales, producing about 15% less carbon than is needed by the system, supporting the smaller-scale assertions of Brock et al. (2006) at a regional scale. The exercise of scaling up metabolic and calcification parameters is obviously fundamentally limited by the precision of measured metabolic values within a given biotope. Despite several decades of related research, it seems too often assumed that values from important earlier works do not change with time for a given community, habitat, or biotope, with the result that the metabolism, carbonate production, and CO 2 air-sea flux of reefs remains poorly constrained in the face of increasing pCO 2 and ocean acidification. One potential source of error in our assessment is the fact that the biotopes used here are broadly found throughout the NFRT, but were only directly measured in situ for metabolic parameters over a relatively small area of ~0.5 km 2 . Greater spatial distribution of in situ observations of the same biotopes across the region would theoretically provide a more suitable dataset for scaling up.
Another potential source of error in these estimates lies in the values used for live coral cover, which directly impacts estimates of G. Here we adopted the Brock et al. (2006) dense live substrate biotope, which is distinct from NFRT patch reefs, being ~7% live hermatypic coral cover. This number is close to the average live hermatypic coral cover of 6.6 to 7.5% reported across the entire Florida Keys Na (Lang 2003 , Marks 2007 . Given this range of values to work with for live coral cover on regional patch reefs, it is possible that the productivity and carbonate precipitation of the NFRT have been underestimated in this analysis.
Implications for ocean acidification
The net calcification over the entire range of the NFRT, as defined here, was nearly zero (G = -2 × 10 -3 g CaCO 3 m -2 d -1
; Fig. 6 ), at only ~3% the absolute value of G reported by Brock et al. (2006) . More importantly, however, our results indicate net dissolution (calcification deficit) over the scope of the NFRT. This is most likely a function of the inclusion here of the large areas of seagrass in the cross shelf class, which represent areas with net dissolution of carbonate as measured by the SHARQ (G = -0.19 g C m -2 d -1
). This . Gross photosynthetic production (P ) and respiration (R ) estimates over the North Florida Reef Tract (NFRT). The highest rates of production and respiration are located in the patch reef and shelf terrace classes, but have a relatively patchy distribution across both classes. Note the different numerical values for the same colors between production and respiration. This scaling difference is possible here because of the consistent P:R ratio of the biotopes applied here agrees with observations by Burdige & Zimmerman (2002) that the rates of dissolution in some carbonate sediments are directly proportional to the thickness of overlying seagrass beds. The delivery of O 2 to surface sediments by the seagrass root system drives a corresponding increase in total inorganic carbon (ΣCO 2 ) and total alkalinity (TA), while decreasing pH (Burdige & Zimmerman 2002) . ). Based on this new regional estimate for carbonate dissolution over the range of the NFRT, we can approximate an annual sequestration of 753 ± 2463 (mean ± SD) metric tons of atmospheric CO 2 yr -1 across the NFRT. This sequestration value represents the net relationship between carbonate dissolution (CO 2 sink) and heterotrophy and calcification (sources of CO 2 ). The high standard deviation derives from error propagation of classification errors that yield the high relative standard deviation for G.
There is a reasonable possibility that our reported rate of dissolution is actually a substantial underestimate of the true rate. The measurements reported in Brock et al. (2006) were made in the most ocean-influenced part of our study area, but there is a known shallow phreatic aquifer and increasing groundwater discharge through sediments as one moves landward in Biscayne Bay (Wang et al. 2003) . The mixing of fresh and salt waters drives the saturation state of carbonate mineral phases to a state of undersaturation (Ω < 1) (Morse & Mackenzie 1990 ). Thus, a combination of already undersaturated pore waters and the additional increase in TA and ΣCO 2 resulting from the addition of O 2 by overlying seagrass likely means that there is actually more dissolution in the majority of the backreef area of the NFRT than is reflected by our estimates in this manuscript.
At the scales required for ecosystem-based management and regional implications of ocean acidification, it is necessary to represent the full range of biotope spatial variability when assessing coral reef metabolism or carbonate production over larger areas. A regional estimate made by scaling up over only a small area can potentially have large errors when expanded to greater scales based only on area, but not biotope variability. For example, the area surveyed by Brock et al. (2006) was proportionally much higher in cover by dense live substrate than the entire NFRT region defined in this work, resulting in negative calcification values for the present work, despite similar values for P and R between the 2 studies.
The difference between the small-and large-scale estimates for carbonate production is substantial. The change from a multi-sensor mean of G = 0.16 ± 0.14 g CaCO 3 m -2 d -1 and 'best value' from corrected AISA data of G = 0.07 g CaCO 3 m -2 d -1 (Brock et al. 2006 ) to the Landsat NFRT-wide value reported here of G = -0.002 g CaCO 3 m -2 d -1 represents an important difference from net calcification to net dissolution. However, both net values are very close to zero, indicating a regional reef environment that is very likely in equilibrium between calcification and dissolution on time scales that encompass seasonal and interannual variability in carbonate production. However, with continued decline of dense live substrate on the more pro- ductive reefs Florida Keys (Palandro et al. 2008 ) and increasing ocean acidification (Kleypas et al. 2006) it is likely that the carbonate production values (G ) for the NFRT will decline in the coming century. By comparison with Moorea (French Polynesia), the entire 2711 km 2 NFRT could be thought of as producing -1% of the total amount of carbonate precipitated over only 35 km 2 of Moorea reef (Andréfouët & Payri 2001) . The estimated net dissolution across the NFRT has important implications for modeling buffering responses at ecosystem scales in the Florida Keys, something that can not be achieved as well when scaling up from mesocosm experiments.
Part of the ecological challenge for the NFRT in an environment of decreasing pH is that the areas with the highest carbonate production (patch reefs) make up just under 1% of the area of what is defined here as the NFRT. On the other hand, the seagrass dominated cross shelf class, which has net carbonate dissolution, represents ~78% of the area for the NFRT. Compare this to Moorea, where ~49% of the area studied (MidBarrier class) had carbonate production values of G ≈ 18 g CaCO 3 m -2 d -1 (Andréfouët & Payri 2001) . It can be inferred that in order to offset current regional rates of net dissolution, NFRT patch reefs, at their current spatial extent, would have to producẽ 2.5 times as much carbonate as currently estimated, or as a geomorphologic class, nearly G ≈ 0.75 g CaCO 3 m -2 d -1
. This increase in calcification could be accommodated by a proportional increase in live hermatypic coral cover from the 7% reported by Brock et al. (2006) and used for calculations in this work, to ~18% live coral cover. A similar increase in coral cover across the scope of the shelf terrace class could result in a significant change across the NFRT to a hypothetical net carbonate production of G ≈ 0.08 g CaCO 3 m -2 d -1
. While such an increase is improbable given current coral reef trends (Hoegh-Guldberg 1999 , Gardner et al. 2003 , this kind of information from scaling up in situ production data can be very useful to both modelers and managers. Kleypas et al. (1999) predict decreases in biogenic aragonite precipitation of between 14 and 30% by the middle of this century. Taking the worst case scenario of a ~30% decrease in production of reef carbonate and using the scaled-up carbonate production values reported here, some habitat area based estimates of the response of the NFRT to ocean acidification are possible. Without taking into account factors such as water retention time or changes in sea surface temperature (SST), ocean acidification could decrease the net calcification across the NFRT to G ≈ -0.05 g CaCO 3 m , a full order of magnitude more net carbonate dissolution than current estimates. With the projected 30% decrease in biotic aragonite production (Kleypas et al. 1999) , the NFRT can be predicted to increase its function as a CO 2 sink to about 22 000 metric tons of CO 2 per year. Use of the spatial estimates from this method to parameterize models that include SST, water retention time, light, more sophisticated biogeochemical functions, and other factors could provide improved estimates of the anticipated regional impacts of continued ocean acidification.
CONCLUSIONS
Well-classified Landsat 7 ETM+ imagery, combined with the MCRM provides a robust tool for scaling up in situ measurements of coral reef metabolism to regional scales. With the ability demonstrated here to estimate regional metabolic values when classifications are performed per geomorphologic class, even without water column corrections, this approach provides a uniform method by which to begin to refine global estimates of reef productivity. Truly global estimates are often too expensive to achieve with the much higher costs per area for other high resolution sensors. However, this technique cannot be scaled up to global estimates of carbonate systems and metabolic values without accurate contemporary in situ observations strategically spread throughout the global coral reef systems.
We report here that the NFRT is a net sink for atmospheric CO 2 , but for only ~753 metric tons yr -1 due to the near balance between carbonate precipitation in the dense live substrate of the patch reef class and the net dissolution over the surrounding large areas of seagrass. This study supports previous work by Brock et al. (2006) over a smaller region, suggesting that the NFRT does act as a net regional sink for carbon. Application of the spatial estimates from this method to parameterize more sophisticated physical and biogeochemical models could provide improved estimates of regional impacts of continued ocean acidification in any area with reliable in situ carbon and carbonate production data.
Managers are becoming more aware of the need to manage ecosystems, not just communities, through ecosystem-based management (Gell & Roberts 2003 , Lotze et al. 2006 . Using Landsat imagery to estimate coral reef carbonate production over large scales, as described here, also provides a tool for managers faced with ecosystem-scale decisions regarding reef metabolism and critical issues of impacts of ocean acidification and environmental variability. 
